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ABSTRACT 
The main emphasis of this thesis is the preventation of 
corrosion in the rebars of bridge decks. A means of measuring 
corrosion of reinforcing steel had to be developed. Two approaches 
were studied for the corrosion measurements. The linear polarization 
procedure was more accurate and reliable than the instant-off 
method. 
Tests of polarization resistance were made on specimens with 
various treatments. Results show to have the best efficient cor- 
rosion resistance, the impregnation must be to a depth that encap- 
sulates the top rebars. Impregnation with M.M.A. whether shallow, 
to a depth of about 50 mm (2 inches) after removal of the top 
cover, or deeper to a depth of about 100 mm (4 inches) without 
removal gave the best corrosion resistance. 
Treatments with a hydrophobic silane and WD-40, a penetrating 
corrosion inhibitor, gave excellent corrosion resistance. Treatment 
with sulfur tended to give lower corrosion resistance than before 
the treatment. Treatment with aqueous calcium nitrite slightly 
improved the corrosion resistance. Scarification and installation of 
a suitable overlay (e.g. a standard latex-modified concrete) on the 
bridge deck, itself, can be a very practical method in preventing 
the corrosion in the rebars. 
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1.     INTRODUCTION 
1.1 Problem Statement 
It was recently reported that nearly one-third of all highway 
bridge decks in the United States are seriously deteriorated due to 
corrosion of reinforcing steel  .  This corrosion is usually caused 
by chloride ions that have penetrated the concrete as a result of 
repeated application of deicing salts. Initial corrosion in rebars 
and cracks in concrete cover can be analyzed in two ways. 
1. Deicing salt penetrates into the concrete through 
micro or macroscopic cracks (caused by environment) 
and initiates corrosion in the rebars. 
2. Accumulation of corrosion products around the 
reinforcing steel causes cracks to develop in the 
concrete cover. Developed cracks allow intrusion of 
additional chloride solution, thereby accelerating 
corrosion and causing spalling of the deck. 
1.2 Current Use Techniques 
Low permeability overlays have been applied to hundreds of 
deteriorated bridge decks during the past 15 years. The overlay is 
normally preceded by spot repair, involving removal of all deterior- 
ated concrete.  In most cases, however, large areas of chloride 
-2- 
contaminated concrete remain in place. Although this procedure is 
cost-effective in extending the usable life of decks by 10 or more 
years, the presence of large areas of new delaminations and corroding 
reinforcing steel in contaminated decks that have been overlaid for 
5 to 15 years indicates that detrimental corrosion was not completely 
(2) 
arrested by these procedures.    Thus there is a need to strive for • 
long-term rehabilitation procedures. New methods must be economically 
feasible and capable of arresting corrosion of reinforcement in salt- 
contaminated concrete, without necessarily enhancing concrete 
strength properties. 
1.3 Previous Studies Under NCHRP Project 18-2 
Under the original NCHRP Project 18-2(1), impregnation of a 
salt-contaminated bridge deck with poly(methyl methocrylate) to a 
depth of 100 mm (4 inches) succeeded. Since then deterioration of 
the deck and corrosion in the rebars has appeared to have been 
arrested.  Concern over possible costs and difficulty of procedures 
led to the development of NCHRP Project 18-2(2) which reviewed 
potential alternate methods for rehabilitation and recommended study 
of the durability and corrosion resistance of several treatments. 
Following this review, NCHRP Project 18-2(3) was developed to extend 
the scope, to recommend further research studies, and to conduct 
research in preparation to field evaluation of the most promising 
treatment. 
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1.4 Objective and Scope of Work 
The objective of this study was to prevent continued 
corrosion in reinforcing bars of bridge decks on a long-term basis. 
In order to do so, new procedures and treatments had to be developed. 
Part of the work was focused on the scarify-overlay rehabilitation 
technique and its effect on preventing corrosion in rebars. In 
conjunction with this, polymer impregnation as well as other chemical 
treatments that might arrest corrosion were investigated. Reinforce- 
ment was surrounded by chloride-contaminated concrete in the test 
specimens.  The effect of various treatments on the rate of corrosion 
of the reinforcement was studied. 
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2.  CORROSION MEASUREMENT METHODS 
2.1 General Study(1^ 
Among the various tests used to evaluate corrosion rate, two 
(4) 
are essentially non-destructive ': the direct measurement of poten- * 
tial and current, and the evaluation of polarization resistance (or 
its inverse, polarization conductance).  It was originally planned to 
use a direct method involving "instant-off" measurements of voltage 
and current  ; special rectangular blocks containing rebars were 
designed for the experiments. 
As preliminary experiments with such specimens were underway, 
it was concluded that expeditious execution of the tests and evalua- 
tion of the results would require modification of the test procedure, 
at considerable expense. Accordingly, with the advice of the 
research group consultant, the so-called "linear polarization" method 
was adapted to this system, and the tests on the series of treated 
specimens was completed using this method. 
The general principles and detailed methods are described 
in the following sections. 
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2.2 Direct Measurement of Corrosion Potential 
With this method the corrosion potential of an electrode is 
measured as a function of time. Hence, in principle, the effect of a 
corrosion-preventing treatment can be evaluated by determining the 
the corrosion potential-relative to that of an untreated control. 
(4) Thus Lundquist et al   have shown a direct relationship between the 
corrosion potential of steel in nitrite-inhibited mortars and the 
area of steel corroded (measured by direct observation of broken 
specimens). 
Limitations include the need to take measurements of poten- 
tial very quickly after the circuit is broken (a requirement leading 
to use of the term "instant-off"). Also, there is a question of the 
significance if current flow is blocked, e.g. by physical isolation 
of one electrode from another (as could be the case in a polymer- 
impregnated system). 
2.3 Polarization Resistance Measurements 
Since rebar corrosion takes place over a period of years or 
decades, study of rebar corrosion can be greatly facilitated by rapid 
determination of a periodic monitoring of the corrosion rate using 
a technique such as polarization resistance. The polarization re- 
sistance technique has developed from electrochemical theory over a 
period of about forty years. The technique determines the corrosion 
rate from the slope of the potential versus current behavior at the 
corrosion potential, that is, from the ratio E/Ai. The theoretical 
-6- 
basis for the polarization resistance technique is derived from 
Wagner and Traud   whose paper on mixed potential theory led to a 
quantitative treatment by Stern and Geary   showing a linear rela- 
tionship between potential and current near the corrosion potential. 
Additional work by Stern and coworkers  *   provided good theore- 
tical and experimental support for the general applicability of the . 
polarization resistance technique. Further, Mansfeld    gives an 
excellent historical account, including over 100 references, on the 
development of the polarization resistance technique. 
The most pertinent paper relating polarization resistance 
technique to the study of rebar corrosion is that of Lundquist 
(4) 
et al   who demonstrated the applicability of the technique by 
correlation of their polarization resistance data with actual rebar 
corrosion as determined by visual inspection and appraisal at the 
end of the test period.  [These authors also showed that log polar- 
ization resistance was a linear function of corrosion potential in 
their specimens.] Thus, rebar corrosion in small specimens has 
been previously studied successfully using the polarization resis- 
tance technique. There has also been considerable interest in the 
(12 13) 
application for bridge-deck type slabs  '  . However, application 
to actual bridge decks may pose significant problems  , though some 
attempts have been made to use the polarization resistance 
technique. 
A typical derivation of the basic equations for the polar- 
ization resistance technique is given by Mansfeld.     The general 
-7- 
result is 
b b 
corr  2.303 (bfl + bc>       Ecorr 
where i    is the corrosion current giving the rate of metal oxida- 
corr 6   ° 
tion, E    is the corrosion potential (unperturbed or freely cor- 
roding potential), b is the anodic Tafel constant, b is the 
a c 
cathodic Tafel constant, Ai/AE' is the slope of the potential-current 
function measured at the corrosion potential. As mentioned above, 
the reciprocal of Ai/AE is known as the polarization resistance, R . 
It has been determined  '   that combining the first terms into a 
single constant does not lead to an error of more than about a factor 
of 2 in most cases. Therefore, a simple equation can generally be 
used to express the polarization resistance relation, 
^orr'^p «) 
2 Values of R are expressed in ohm . cm , that is, volts/current 
2 
density, V/A/cm .  [Since in this study, the area is constant, R 
is simply expressed as AE/Ai.] 
The rate of corrosion of a system is determined by applying 
a potential or a current and measuring the resultant current or 
potential, respectively, as given in the equation above. It is 
important that the resultant change in potential at the corroding 
interface be small (say, + 25 mV) during the measurement; additional 
limitations of the equations are given by Mansfeld.  '    However, 
the method is commonly used successfully to obtain relative measures 
-8- 
of corrosion rate in cases in which the effects evaluated are large 
relative to the errors involved.  In any case, polarization 
techniques have been used successfully to evaluate the effectiveness 
(4) 
of nitrite ion as an inhibitor of rebar corrosion in concrete. 
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3.  EXPERIMENTAL 
3.1 Materials 
3.1.1 Mix Design 
The mix proportions and flow data for the mortar and con- 
crete specimens (L-l and L-2, respectively) used for preliminary 
electrochemical tests are given in Tables 1 and 2.  Since a mix 
should have a percent flow between 100 and 130 in order to satisfy 
ASTM Specifications C230 and C270, only mixes 2 and 3 were used for 
the L-l specimens. For subsequent electrochemical tests (on series 
CR), the mix used is given in Table 3a. The mix design for the LMS 
overlays is given in Table 3b. 
3.1.2 Impregnants 
The following impregnants were used: 
1. Methyl Methacrylate (Rohm and Haas Commercial Grade) 
was selected as a possible water-displacing monomer; 
10% by weight of trimethylol propane (Monomer-Polymer 
Corporation) was used as a crosslinking agent. Also 
0.5% by weight ozobis-isobotyronitrile (AZN) was used 
as the initiator. 
2. 30% by weight calcium nitrite (W. R. Grace Company); a 
concentration of 10% by volume calcium nitrite was used 
to minimize possible mixed salt formation in the pores. 
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3. WD-40 (WD-40 Corporation); a commercial rust inhibitor 
formulation which is said to be water-displacing. 
4. Alkyl-alkoxy silane with 40% active substance content; 
solvent: ethonol and having a density of 0.86 + 
0.01 g/cm. , approximately flash point is 12 C and 
setting point - 30° C. 
5. Triangle Sulfur (Stauffer Chemical Company). The 
solid sulfur has a specific gravity of 2.08 and two 
allotropes, a and (3. The  phase has a specific 
gravity of 1.96 and melts at 119.3° C; the liquid 
molten sulfur has specific gravity of 1.803 and its 
viscosity decreases from 12.5 cp at 120 to 6.6 cp at 
160 C. The temperature of molten sulfur was kept 
between 120 and 160 C throughout the impregnation 
process. 
3.2 Specimens 
3.2.1 Design 
Mortar cylinder L-l was 76.2 mm (3 in.) in diameter and 
152.4 mm (6 in.) in length was provided with a steel nail and a 
calomel electrode.  The rectangular specimens were designed following 
consultation with FHWA personnel.  It had been agreed that testing 
of these specimens would be done outside, taking advantage of 
fluctuations in temperature and moisture to ensure the availability 
of oxygen to the rebars, as in the FHWA procedure for evaluating 
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corrosion in bridge-deck type slabs.  The dimension is shown in Fig. 
1 and design appearance in Fig. 2. 
While a single electrode embedded in concrete has been used 
successfully for tests of the efficacy of corrosion inhibitors in 
(4) 
concrete  , it was decided to embed four rebars in each specimen, 
one surrounded by a chloride-rich section and three in plain concrete. 
In this way it was hoped to simulate a bridge-deck configuration 
without the possible complication of a multiplicity of parallel 
electrical circuits associated with the rebar system. The rebars all 
projected 101.6 mm (4 in.) from the ends. As shown by Lundquist 
(4) 
et al  , such coating is necessary in order to eliminate the ratio 
of exposed surfaces to volume in a bridge deck. 
3.3 Casting 
The CR-series specimens (21 in number) were cast at the 
Pennsylvania State University in two stages. First the L-shaped 
portions containing rebars #2, #3, and #4 (Fig. 1) were cast with 
the mix described in Table 3a and moist-cured for 24 hours. Then 
the portions containing rebar #1 were cast onto the original 
castings; the concrete used was the same as before except for the 
addition of sodium chloride in the amount of 9 kg/m . Following 
moist-curing for 40 days, the specimens were shipped to Lehigh, where 
they were stored outside (with the electrodes unconnected) until 
testing for corrosion resistance. Specimens Ir-1 and L-2 were cast 
at Lehigh; L-l was moist-cured for seven days, while L-2 specimen was 
cast in the same manner as series CR, but moist-cured for seven days. 
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4.  TREATMENT 
4.1 Simulation of Scarification 
To simulate scarification and consequent removal of much of' 
the salt-contaminated concrete, the concrete cover was removed to 
within 12 mm (1/2 in.) of bars 1 and 2. As shown in Fig. 3 this 
was accomplished by sawing from both sides using a friction blade 
and breaking the 38 mm (1-1/2 in.) ligament that remained (see Fig. 
4).  Thus, as may be seen in Fig. 4, a rough area remained in the 
middle of the block. In order to roughen the saw-cut area, a 
friction blade was used to cut grooves across the surface to enhance 
bonding of the overlay. 
4.2 Impregnation 
Prior to impregnation, all blocks except CR1 and CR13 were 
dried in a circulating oven for 2 days at 120 C; this time was more 
than sufficient to reach a constant weight (corresponding to a 
weight loss of approximately 4.7%).  Blocks CR1 and CR13 were not 
dried before impregnation, in order to determine the effect of 
residual water on corrosion resistance. With the exception of 
sulfur, the impregnants were then ponded on the surface of the 
specimens.  The best method was found to be the use of a wooden 
frame clamped and bonded temporarily to the specimen using sulfur 
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as an adhesive, as shown in Fig. 5; the frame projected 50 mm 
(2 inches) above the specimen surface.  With volatile impregnants 
(MMA and the silane solution) a cover lined with polyethylene film 
was placed on top of the frame (Fig. 6); a funnel was inserted to 
permit maintenance of the fluid level.  In the case of sulfur, a 
large steel pan 500 mm x 550 mm (20 in. x 22 in.) was made to 
contain the sulfur; after melting the sulfur in the pan inside an 
oven at 150 C, the scarified blocks were placed upside down in 
the pan.  In order to obtain maximum efficiency of penetration, the 
concrete block was placed on small wood strips. It was possible to 
observe the permeation visually due to a change, in color of the 
concrete as the sulfur filled the pores (see, for example, Fig. 4). 
In any case, impregnation was conducted until the desired depth was 
reached — 100 mm (4 in.) below the surface in the case of deep 
impregnation with MMA, and below the bottom of bars #1 and #2, i.e. 
about 50 mm (2 in.) below the surface in the case of saw-cut speci- 
mens.  Impregnation times and depths are given in Table 4. With MMA, 
sulfur, nitrite, and WD-40, the impregnation times agreed reasonably 
well with those found in separate experiments (see Ref. 12 for results 
with MMA and sulfur, and Refs. 2, 3 for results with calcium nitrite 
and WD-40). 
In general, the impregnation depths that could be readily 
observed from the outside appeared to be uniform, except when a 
deep 10 mm (4 in.) impregnation of WD-40 was attempted.  In the 
latter case, the impregnation appeared uniform near the surface but 
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very non-uniform at the level of rebars #1 and #2. One might 
speculate that the long impregnation time could permit moisture 
to re-sorb and hinder the impregnation in regions of high water con- 
centration, and that the water-displacing ability of the impregnant 
is difficult to manifest in the pores. However, at this time, the 
cause must be considered as unknown. 
Additional details of the impregnation procedures follow: 
Deep 100 mm (4 in.) Impregnation with MMA- These impreg- 
nations were performed on specimens L-2 (after preliminary tests of 
electrochemical behavior(, CR-4 and CR-5.  In order to determine the 
effect of incomplete encapsulation of the top rebars, specimen CR-12 
was impregnated only to the middle of rebars #1 and #2. The detailed 
procedure was as follows: 
1. The concrete block was placed in the oven for 2 days at 
120 C, and the oven was switched off. 
2. The concrete block was then allowed to cool to room 
temperature in the oven (about 2 days being required). 
3. Air was removed from the specimens by a vacuum pump 
(vacuum corresponding to approximately 736 mm of Hg) 
for 2 hours. 
4. The ponding frame was constructed on the top surface of 
the block, MMA was added, and the ponding frame covered 
with a polyethylene sheet. A ponding time of from 24 
to 36 hours was used for a 100 mm (4 in.) deep impregna- 
tion (specimens L-2, CR-4, and CR-5), while 16 hours was 
used for the partially impregnated specimen CR-12. 
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5. Following impregnation, the ponding frame and remaining 
monomer were removed, the top surface was covered with 
a thin layer of sand, and the block was subjected to a 
steam treatment to effect polymerization of the MMA. 
The steaming time ranged from 7 to 10 hours, 7 hours 
being long enough to yield essentially complete poly- 
merization. 
6. The specimen was stored (covered with a wet cloth) for 
3 to 4 days, and then placed outside. 
Deep Impregnation with a Water-Displacing Penetrant - 
Specimens CR-16 and CR-19 were impregnated with this penetrant 
(WD-40) which is a common commercial inhibitor formulation. The fol- 
lowing procedures were used: 
1. The concrete was dried as before for 2 days. 
2. Ponding was conducted as above for 10 days. 
3. After removal of the ponding frame, the blocks were 
stored (covered with a wet cloth) for 3 to 4 days, 
and then placed outside. 
Shallow (50 mm) Impregnation with MMA - This treatment, 
applied to specimen CR-11, was conducted as for deep impregnation 
(see above), except for a shorter impregnation time of 12 hours. 
Shallow (50 mm) Impregnation with Silane - This treatment, 
applied to specimens CR-10 and CR-14, was conducted as for deep 
impregnation (see above), with an impregnation'time of 3 days. 
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Shallow (50 mm) Impregnation with a Water-Displacing 
Penetrant - This treatment, applied to the impregnation of 
specimens CR-15 and CR-18, was conducted as for deep impregnation 
(see above), with an impregnation time of 2 days. 
Shallow (50 mm) Impregnation With Calcium Nitrite - This 
treatment, applied to specimens CR-9 and CR-17, was conducted as for- 
deep impregnation (see above), with an impregnation time of 1-1/2 
days. 
Shallow (50 mm) Impregnation with Sulfur - This treatment 
was conducted as described above.;-with an impregnation time of 36 
hours. 
Shallow (50 mm) Impregnation of Undried Concrete with MMA - • 
This treatment, applied to specimens CR-1 and CR-13, was conducted 
as for deep impregnation (see above), with an impregnation time of 
2 days. However, in this case, the concrete was not dried prior to 
impregnation. 
Controls - Two sets of controls were used. One set (speci- 
mens CR-20 and CR-21) received no treatment whatever, while the other 
(specimens CR-2 and CR-3) were subjected to simulated scarification 
and overlaying. 
4.3 Overlays 
The overlays, 5mm (2 in.) thick, were cast using a standard 
latex-modified concrete with composition is given in Table 3. 
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Curing was effected in accordance with the latex.  That is the 
specimens were covered with a wet cloth for 7 days and then 
cured at ambient conditions. 
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5.  CORROSION RESISTANCE 
5.1 Block Location and Effect of Environment 
On September 10, 1981 specimens of the CR series were 
placed in the.parking lot on the west side of Fritz Engineering 
Laboratory at Lehigh. An outdoor location was used in order that 
cycling of temperature and humidity could be obtained under field 
conditions; such cycling is believed to ensure the maintenance of 
enough oxygen and water to permit corrosion.    This location was 
selected because of the range of exposure from the afternoon sun to 
morning shade; the location was also convenient in that the wiring 
could be run through an adjacent window to the instrumentation bench 
inside the building. The general layout is shown in Fig. 7. 
Since preliminary readings (see below) of current and 
instant-off voltage on specimen L-2 exhibited large variations 
depending on location (e.g. on or off the ground), the CR specimens 
were placed outside on wooden blocks that were in turn placed on a 
long base-beam made of polymer concrete. This placement ensured 
effective electrical isolation from ground. The specimens were then 
removed as required for treatment, and replaced outside following 
moisture-conditioning as discussed above. After treatment, the 
desired pairs of rebars were connected for 3 to A days prior to 
testing, in order to permit a corrosion current to develop. Specific 
details of experiments are discussed below. 
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5.2 Equipment 
Several instruments were used: 
(a) A model 440 digital multimeter (Valhalla Scientific); 
4-1/2 digits; range 0 to 200 mV (sensitivity, 
+ 0.01 mV). 
(b) A model 460 series 3 digital multimeter (Simpson), for 
preliminary measurements (sensitivity + 0.1 ]iA). 
(c) A standard calomel electrode (SCE) for the reference 
half-cell. 
(d) Hewlett-Packard 6216A power supply. 
While the multimeter (a) was adequate for demonstrating the unex- 
pectedly large differences in behavior induced by various treatments, 
an instrument with still higher sensitivity would be desirable for 
close discrimination between systems that do not vary as widely as 
those examined in this study. 
With those systems that exhibited exceptionally high resis- 
tances in polarization tests, no current could be detected at all. 
If one takes the limit of sensitivity to be 0.1 yA, then all systems 
exhibiting an apparent zero reading may be said to exhibit a 
corrosion current less than 0.1 yA; polarization resistance was then 
estimated conservatively by assuming that A. <_ 0.1 yA. 
Unless noted otherwise, currents were all corrected for the 
effect of temperature using a standard table. 
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5.3 Measurements of Linear Polarization 
For these tests, circuit (a) in Fig. 8 was used. First a 
polarizing potential was applied to the circuit comprising 2 rebars. 
While a value of 20 mV was used in early experiments, 100 mV was 
found to give greater sensitivity and was used in all later tests. 
(This applied potential should be distinguished from the response 
potential, many values of which are tabulated below.) After a 
standardized time, the potential E. (with respect to the SCE) and 
current i. were read, where the subscript "j" refers to the bar 
concerned. With the specimens used here, one hour was required 
for the readings to become steady (see below). The polarizing 
potential was then reversed, and the potential E. and current i. 
were read after one hour. 
i 
Thus E, and E. bracket the corrosion potential. The polar- 
ization resistance, R , was then calculated as AE./Ai, where AE. = 
P j J 
I      ' I l      *l HE, - E, I and Ai. = i. - i. | ; in effect this ratio approximates 
the slope of the potential-current curve. 
5.4 Direct Measurements *"Instant-Off" Potentials) 
After a given circuit (e.g., circuit 1-2 in Fig. 8) has been 
closed long enough for values of current and voltage to become stable 
(i.e., closed for at least several hours), the voltage was read. 
Since a one-ohm resistor was in parallel with the voltmeter, one 
could take one mV = one mA. The circuit switch was then opened to 
obtain the "instant-off" potential. While it has been suggested in 
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discussions at the FHWA that two seconds was appropriate, more 
consistent results were obtained when these readings were taken ten 
seconds after opening of the switch.  (This time is really defined 
with specimen mix and design.) 
5.5 Combined Polarization and Instant-off Tests 
When it became apparent that linear polarization tests gave 
quite consistent results, combination of the polarization and 
instant-off tests were attempted. It was hoped that both tests could 
be used throughout the test program with the CR specimens. However, 
the circuitry and test procedure was found to be exceedingly complex. 
Because of the constraint of time and uncertainty about possible 
interactions between the circuits, the combination tests were dis- 
continued.  Indeed, in view of uncertainty as to the ability of the 
instant-off tests to give consistent results throughout the test 
program (see below), and the demonstration that the linear polariza- 
tion tests did yield consistent results from the beginning, it was 
decided to emphasize the linear polarization method. 
5.6 Visual Inspection 
After impregnation with MMA, specimen L-2 was broken open so 
that the depth of impregnation could be verified, and any corrosion 
observed.  It was noted that a 100 mm (4 in.) deep impregnation had 
in fact been achieved, and that the top bars (#1 and ill)  had been 
encapsulated with impregnant.  The impregnated region was visible 
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to the eye, especially when wetted with water or etched with 15% 
aqueous hydrochloric acid. Also, no evidence of corrosion of the 
rebars was seen. 
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6.  PRELIMINARY ELECTRICAL TESTS 
In order to check out the test equipment and become famil- 
iar with the behavior of the concrete specimens (as well as the 
concrete per se') preliminary tests of the electrochemical were 
made using a Portland-Cement mortar specimen, L-l, the practice 
bloc, L-2, and specimens CR-4 and CR-21. 
6.1 Direct Measurements ("Instant-Off" Type Block Specimen L-2) 
For these preliminary tests, bars 1, 2, and 3 has been 
connected to permit a corrosion current to develop.  In order to 
establish the range of current and instant-off voltage in a typical 
block specimen, L-2, the measurements reported in Table 5 were 
obtained at various locations in the laboratory over a period of 
about 20 days.  In all cases, the circuits were disconnected between 
tests; locations included placements on a table and on the floor. 
It may be noted that values of approximately 30 mV had been expected 
for E.    It may be seen that the variations in current and voltage 
were wide (from zero to 1 mA and from 7 to 145 mV) and inconsistent. 
Large variations were also noted depending on whether or not 
a second circuit was open or closed (see Table 6). Thus values read 
for circuit 1-2 varied widely depending on whether circuit 1-3 was 
open or closed.  Large fluctuations were also seen as a function of 
time. 
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6.2 Direct Measurements - Block Series CR 
Two series of preliminary tests were also run outside the 
laboratory on CR specimens in order to check for consistency among 
them and to examine behavior of a given specimen over a period of 
several days of varying climatic conditions. To minimize possible 
complications due to ground effects, all specimens were isolated 
from ground as described above. Results are given in Tables 7 and 8. 
6.2.1 Comparison of Blocks 
Thus in order to compare the behavior of the CR series 
specimens before detailed testing and treatment,* resistances and 
voltages (not instant-off) were measured between bar 1 and the other 
3 bars (see Table 7) by connecting a voltmeter between successive 
pairs of bars.  Bars 1 and 2 had been connected previously for 
several days; tests were run within an 8-hour day period, the 
weather being dry. Readings were taken 10 seconds after closing the 
circuit concerned, to permit stabilization.  It may be seen that the 
various voltages and resistances are reasonably self-consistent in 
each specimen. Most of the average voltages ranged between approxi- 
mately 0.18 to 0.24 volts, though the average for specimen CR-21 was, 
for no apparent reason, lower (approximately 0.14 volts).  (Because 
of this anamalous value of voltage, specimen CR-21 was reserved for 
* 
It is recognized that these tests (without the use of a reference 
electrode) cannot unequivocally prove consistency quantitatively, 
for the values obtained depend on time and true resistances and 
potentials are not obtainable using simple test meters. However, 
the tests should at least give a qualitative measure of 
consistency. 
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use as a control.) Presumably the generally small specimen-to- 
specimen variations reflect inevitable variations in homogeneity of 
the specimens as well as slight variations in temperature. In any 
case, the specimens were judged to be relatively well-behaved. 
6.2.2 Effect of the Environment - Specimen CR-21 
In this test block CRr-21 was allowed to stand outside, 
isolated from the ground, for about one week after bars 1 and 2 had 
been connected. Tests were run over a period of 3-1/3 days; readings 
were taken between bar 1 and bars 2, 3, and 4 (see Table 8) 10 
seconds after closure of the circuit concerned. During the 4-day 
test period the specimens experienced a variety of climatic 
conditions: dry and sunny; dry and shaded; semi-dry (following 
light precipitation); and wet (following heavy rain). Air temper- 
atures ranged between 47 and 61 F, and temperatures of an attached 
thermocouple between 47 and 69 F.  In general, the readings were 
reasonably self-consistent; the voltages read between pairs of bars 
at each time usually agreed within + 5 percent. However, there was 
a slight drift in the voltages to lower values (from approximately 
0.20 to 0.16 volts) as the specimen became progressively wetter. As 
a result of this experiment it was concluded that, as expected, 
changes in climatic conditions affect the electrical behavior of 
the best bloks.  In view of the consistency of results, it was 
decided to make all subsequent tests using the mounting to isolate 
from ground, as in this case. 
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7.  CORROSION RATE MEASUREMENTS 
7.1 Linear Polarization and Instant-Off Measurements 
One of the CR specimens (CR-4) was selected for a test of 
corrosion development as a function of time and environment, using 
both the instant-off and linear polarization techniques. 
Bars 1 and 2 were connected for a month, and tests made at 
the various times indicated in Table 9.  Instant-off tests were made 
in the mornings using bars 1 and 2. After readings, the circuit 
was switched to the linear polarization mode, and readings were then 
taken in the afternoons. After these readings, the circuit was then 
switched back to the instant-off mode. As shown in Table 9, values 
of current and instant-off voltage were relatively constant and 
independent of time period; the average value of the voltage was 
consistent with the fact that corrosion was proceeding [i.e., V more 
negative than - 0.22 to - 0.27]/ 
Similar tests were also run with specimen L-2 (see Table 10). 
In contrast to the case of CR-4, values of instant-off voltages 
appeared to vary somewhat with exposure (by approximately 30%) from 
the lowest to highest value. However the voltages found were much 
lower than most of those reported in Table 5 — in fact, lower than 
expected for a system undergoing corrosion. Also correlation between 
the current and voltage was poor, as was the case with the data in 
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Table 5.  Subsequent tests on L-2 over a 24-hour period using bar 
pairs 1-2 and 1-3 gave results which fluctuated even more widely, 
with the current ranging between <100 and 1 mA, and the instant-off 
voltage between 7 and 110 mV. These variations undoubtedly reflect 
the inadequacy of the technique as used here. 
Thus sometimes the instant-off method worked well, and 
sometimes it did not. While it is true that specimen L-2 contained 
a different aggregate than the CR series, it seemed unlikely that 
such a difference could account for the instabilities observed. 
Indeed, no explanation for the discrepancies was readily apparent. 
7.2 Linear Polarization Tests - Specimen L-2 
Preliminary tests of linear polarization response as a 
function of environment using specimen L-2 (see Tables 9 and 11); 
the experiments of Table 11 were also designed to investigate the 
effect of placement of the SCE in a salted versus unsalted location. 
7.2.1 Effect of SCE Placement 
While values of the polarization resistance, AE/Ai, vary 
as much as twofold from trial to trial, the average value is 
essentially independent of the plavement for trials 1 to 6, inclusive 
(373 ohms versus 363 ohms). 
7.2.2 Effect of Environment 
It may also be seen from Table 11 that much of the variation 
in values of AE/Ai from trial to trial appears to be associated with 
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the relative wetness of the specimens (also see Table 9). In these 
experiments, "wet" refers to the surface wet from rain, "half-wet" 
refers to the surface partially dried, and "half-dry" refers to the 
surface dried still more but not yet completely dry. While measure- 
ments of water content were not made, the average value of AE/Ai 
increased from 260 ohms (half-dry) to 360 ohms (half-wet) to 490 ohms 
(wet) as the apparent degree of wetness increased, though one might 
expect AE/Ai to vary inversely with moisture content. This behavior 
(i.e., the apparent increase in AE/Ai) may simply reflect a lag of 
internal moisture content with respect to external changes.  (A 
similar effect is seen even more clearly in Table 9 and is discussed 
below.) 
It is also interesting that the values of AE/Ai correlate 
inversely with the corrosion current measured in the instant-off 
tests described in Table 9, as predicted by Eq. 2. 
7.2.3 Effect of Time 
In order to determine the effect of time on the linear 
polarization readings, tests were run over a period of several hours 
on specimen L-2 in which corrosion had been allowed to start. 
As shown in Table 12 which presents selected data from an 
extended series of tests, the values of current and voltage, and 
hence the polarization resistance became reasonably stable after 
about one hour.  (At shorter times, AE/Ai increased quite linearly 
with time.) Henceforth, one hour was used as the standardized 
linear polarization test time. 
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One other parameter was of interest: the value of the 
impressed voltage used. Usually it is preferred to maintain this 
voltage to + 20 mV or less, in order to keep the range in the 
response, AE, to + 50 mV, and thus to avoid possible nonlinear 
behavior of voltage and current, which may occur at high values. 
Since, in the case of these specimens, the use of + 100 mV gave a 
desirably higher sensitivity than + 20 mV, it was important to 
determine the effect of impressed voltage on response. As shown in 
Table 13, AE/Ai values decreased from 1760 to 1000 ohms as the volt- 
age was changed from + 20 mV to + 100 mV; however, AE was + '50 "mV 
and the value of AE/Ai was essentially constant between + 60 mV and 
+ 170 mV.  In any case, + 100 mV was selected as the standard voltage 
range. 
7.3 Discussion of Preliminary Results 
The instant-off measurements have been used to measure 
corrosion resistance in small reinforced mortar specimens immersed in 
electrolyte (see, for example, Ref. 4), L-2 specimen, and some of 
the CR series specimens. In specimen L-2, due to different location 
and moisture, wide variations in current and voltage were observed. 
Large variations were also noted depending on the existence of a 
second circuit (whether or not this circuit is open or closed at 
the time of taking measurement on the first circuit.) These varia- 
tions caused the research group to conclude that the specimens 
should be isolated from ground (preventing leakage path to ground) 
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and not more than two reinforcing bars be considered in the experi- 
ments (arresting interaction between two circuits). In order to do 
so, the specimens were placed on a polymer concrete beam (remove 
leakage paths to ground) and interaction between the circuits 
vanished when just bars 1 and 2 were used in experiment. Due to these 
precautions more consistent results were obtained (Tables 5 and 6). . 
The next question was time. Large fluctuations were seen 
in measurements of current and voltage as a function of time. Though 
it had been suggested by FHWA personnel that two seconds was appro- 
priate, more consistent results were obtained when these readings 
were taken ten seconds after opening of the switch. Indeed, one 
must wait for the broken circuit to stabilize before measuring 
voltage and this is a contradiction to "instant-off" technique 
(limitations include the need to take measurements of potential very 
quickly after the circuit is broken). Nevertheless the results in 
the CR series were more consistent than previous experiments in the 
laboratory or field, the variability of mentioned trials raised the 
question whether or not the testing program could be completed 
successfully in the time available.  Although the reasons for the 
variability was not completely elucidated (and such elucidation 
would have diverted effort from the main goal of ranking specimen 
behavior), the research group consultant concluded tentatively that 
the best practice would involve electronic switching coupled with 
storage of data using a suitable oscilloscope. To revise the 
procedure would have required considerable unforeseen expenditures 
of the time and money. 
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Between the two studied methods, the linear polarization 
method was selected as a principal approach because it worked well 
from the beginning, and gave results that correlated well with those 
of well behaved "instant-off" tests (see Table 9 for data from this 
study, and also the data in Ref. 4). With respect to the evaluation 
of various bars, it was decided to emphasize tests using bars 1 and 
2 for two reasons: 
1. The data in Table 14 implied little difference between 
potentials measured at various bars. 
2. The increased sensitivity to retreatment afforded 
by measurements using bars 1 and 2 was thought to be 
advantageous. 
7.4 Preliminary Study of Effect of Impregnation with MMA 
Preliminary measurements on a cylindrical test specimen 
L-1A, which contained no salt, gave readings of 445 mV and 244 mA. 
These observations indicate that a background current and voltage 
existed in the specimen, which had been stored under ambient 
conditions. 
Tests were also run on the cylindrical specimen L-1B, 
which contained a salt-laden section.  The first test gave values 
for voltage (relative to the SCE) and current of 865 mV and 100 yA, 
respectively; on retesting after 4 days, values of - 800 mV and 
- 2.2 yA were obtained (temperature, 71+1 F). On drying in an 
oven for 24 hours at 104 C, a voltage of - 387 mV was read, but no 
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current could be detected (limit of sensitivity, 0.1 yA). Thus, 
as expected, drying effectively hindered the flow of whatever 
current might otherwise be involved. 
On impregnation with MMa (followed by polymerization), a 
voltage of 240 mV was read, but again no current could be detected. 
Several important but unanswered questions can be raised here; for 
example, does the background current and voltage exist in the 
specimens. How important is the role of leading wires on the 
readings; does the variation in moisture change the current; is the 
voltage related to the density of the concrete. To answer these 
questions and be sure of these measurements as corrosion current 
and corrosion potential measurements, further study is recommended. 
7.4.1 Effect of Polymer Treatment on Specimen L-2 
As shown in Table 8, a dramatic effect of polymer (PMMA) 
treatment on the polarization resistance (AE/Ai) was noted. While 
a second test about 4 days later indicated a significant decrease 
in the value of AE/Ai, the average values measured from bar 1 to the 
other bars generally ranged between 50,000 and 150,000 ohms, in 
comparison to a value of the order of 2000 ohms for the untreated 
specimens. Thus, tests 1 and 2, the polarization resistance was, on 
the average, approximately 70 and 30 times, respectively, that of 
the specimen before treatment. 
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Although values of AE/Ai apparently differ depending on 
which pair of bars was involved, no consistent trend is seen. 
However, with the exception of the evidently spurious value for bars 
3 and 4 of test #1, this lack of consistency does not alter the 
conclusion that polymer treatment drastically increased the polar- 
ization resistance, at least in this specimen. 
It was concluded that it should be possible to emphasize 
tests with bars 1 and 2, which would provide the greatest sensi- 
tivity to changes in electrochemical response on treatment (due to 
the greater concentration of treatment material present between 
these bars). 
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8.  RESULTS AND DISCUSSIONS 
8.1 Final Corrosion Tests 
Test results for the CR series, including controls, are 
presented and discussed in the following sections. All specimens 
were exposed to the exterior environment throughout the test 
period.  Table 15 and Fig. 9 summarizes the polarization resistance 
as a function of time of exposure while Table 16 presents relative 
polarization resistance [i.e., the ratio AE/Ai (treated)/ AE/Ai 
(untreated)] associated with the various treatments; the relative 
values were computed based on average values before and after 
treatment.  In addition, results of several test bar pairs (1-3) and 
(1-4) are given later. 
The data presented reflect the following types of 
treatment: 
1. Removal of the top cover of concrete; impregnation 
with a monomer, sulfur, and two kinds of corrosion 
inhibitor; and overlaying with LMC. 
2. Deep impregnation with a monomer and with a water 
displacing inhibitor. 
It should be noted that several of these tests included systems whose 
durability to free-thaw testing was questionable, for the rigorous 
freeze-that test might exclude systems otherwise suitable for less 
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aggressive environments. Also, a major aim of the program was to 
establish whether or not corrosion inhibitors could be used to 
advantage as impregnants. It should also be noted that the test 
program was not designed to take into account resistance to sub- 
sequent exposure to salt. 
. A. Significance of the Numbers 
It will be seen that a wide and sometimes dramatic range 
of response was found.  Since the specimens are undoubtedly more 
(4) 
heterogeneous than those used in the studies by Lundquist et al 
and since the exposure is in a fluctuating environment, considerable 
variation in test results on a given specimen from time to time may 
be expected.  Since all treatments could not be applied simultan- 
eously, comparison is made in each case before and after treatment 
of that specimen, rather than on a day-to-day basis with the 
untreated controls. 
As mentioned in Table 15 and Fig. 9, average before-and- 
after values were used; the general trends were not significantly 
affected by using the average minimum value of AE/Ai read after 
treatment divided by the maximum value read before treatment. 
With the more effective treatments, the rankings are especially 
conservative, for, in fact, often no current could be read. As 
mentioned, in such cases the values reported are based on the 
assumption that any current flowing was <0.1 yA.  In any case, the 
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relative ranking should be the property of interest, rather than an 
individual number per se'. 
Relative rankings of corrosion resistance have also been 
(17) given by Rosenberg and Gaidis    in a statistical study of five 
series of bridge deck slabs whose concrete contained from zero to 
three percent calcium nitrite as a corrosion inhibitor. In this 
study, the decks were salted daily for 6 months [a time stated to 
be equivalent to approximately 7 years of salting on roads in 
(18) Kansas.     The distribution of corrosion potentials was analyzed; 
a linear relationship between corrosion potential and log corrosion 
current (the latter estimated from linear polarization tests) 
was also shown for mortars.  (See Ref. 4 for more details on the 
behavior of the mortars.) The maximum relative rate of corrosion 
for concrete containing 0, 1, 2, and 3 percent nitrite was given 
as 100, 61, 23, and 7 respectively. Considerable variation was 
noted within a given system, e.g., corrosion potentials from 
- 0.35 to - 0.50 (2 percent nitrite) and from - 0.35 to - 0.55 V 
(1 percent nitrite).  In terms of polarization resistance in the 
mortars, an increase in AE/Ai from approximately 2000 ohms to between 
approximately 19,000 and 77,000 corresponded to shifting the 
corrosion potential from - 0.27 V (active) to - 0.22 V (passive), 
respectively.  (The range from 19,000 and 77,000 reflects the scatter 
band for the data.) The 10-fold increase to reach the transition 
between very active corrosion and passivity corresponded to the 
presence of 2 percent calcium nitrite — a concentration judged to 
be probably effective in increasing lifetime very significantly. 
-37- 
In any case the change in maximum corrosion potential from approxi- 
mately 0.60 V for the control slab to approximately - 0.50 V for the 
slab containing 2 percent nitrite would correspond to a 4-fold 
increase in polarization resistance. Thus the 4-fold change in 
resistance would translate into a 4-fold decrease in corrosion rate, 
while a 10-fold change should result in essentially passivity (not 
taking into account subsequent salting). 
To an admittedly crude but conservative approximation, a 
4-fold increase in polarization resistance should be enough to yield 
long-term resistance to corrosion. Indeed, assuming that the 
overlay can inhibit salt penetration effectively, such an increase 
would afford nominally a lifetime of 88 years for failure by rebar 
corrosion, assuming a 22-year life for an untreated deck. Of course, 
factors smaller than 4 may still be of interest, and the presumably 
extra life conferred by a treatment giving a factor >4 may not be 
justified in terms of long-term investment.  (It should be noted 
that the above discussion is based on the effects of nitrite, which 
has a specific inhibitory effect by reacting with ferrous ion. 
Although polymer pore sealing operates by blocking current flow — 
a different mechanism — we assume the same factor of 4 in the 
absence of other evidence.) 
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B. Range of Behavior Observed 
Before considering individual cases, it is interesting to 
compare the behavior of a relatively good and a relatively poor 
treatment (in terms of the criteria discussed above). 
As shown in Tables 9 and 17, specimen CR-11 (shallow 
impregnation with MMA after removal of the cover) exhibited a 
dramatic increase in polarization resistance after treatment (the 
low value at 80 days being neglected).  Currents dropped 10-fold 
or more, and were undetectable at times. Values of AE have also 
risen, typically to values above the 50 mV maximum noted in Table 
13. However, such deviations in AE (also noted with a sulfur- 
treated specimen) probably reflect the fact that the conductive 
path has been blocked to a significant extent so that the treated 
region acts more like a capacitor.  (In that sense, the significance 
of AE per se' becomes somewhat problematical.) Because of the low 
currents and high potentials, values of AE/Ai become very large 
indeed.  If one predicts lifetime in terms of failure by rebar 
corrosion, and assumes the relative resistance given in Table 16, 
one would have an expected life of 22 x 700 = 15,400 years. Of 
course, even this conservatively-estimated number is probably high, 
for no account is taken of long-term effects such as loss of sealing 
effectiveness with time or the intrusion of salt.  Even so, it is 
difficult to imagine a 700-fold decrease in polarization resistance 
with time. The effect of treatment on current flow per se' parallels 
the effect on polarization resistance:  the average current is 
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reduced from 38 to 0.12 yA — a reduction by a factor of approxi- 
mately 300. 
In contrast, in the case of specimen CR-6 (shallow impreg- 
nation with sulfur after removal of the cover), after treatment 
the currents and polarization resistance were no lower and no higher, 
respectively, than for the original slab; in fact, values of AE/Ai 
were reduced after treatment. 
Detailed discussion of all the specimens follows, case by 
case. 
8.2 Treatments 
A. Impregnation with MMA 
These results are of particular interest for several 
reasons. First, a major aim of this program was to evaluate the use 
of shallow impregnation following removal of the top-layer of salt- 
contaminated concrete.  Second, the possibility of impregnating 
concrete with MMA without prior drying was also of interest as a 
possible cost-reducing approach.  Third, the costs of deep impregna- 
tion, which is probably quite effectivev '  can undoubtedly be 
reduced by the deep-grooving technique. 
* 
It is interesting that the bridge deck used for the final field 
trial in NCHRP Project 1802(1) has suffered considerable spal- 
ling in the untreated area since the impregnation with MMA was 
conducted in March 1975, and much patching has been done. How- 
ever, no spalling has been observed within, or at the edge of, 
the treated area, at least as of September 1982. 
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B. Shallow Impregnation of Dried Concrete with MMA 
As mentioned, while shortly after treatment the value of 
AE/Ai for CR-11 was essentially unchanged (Table 9), thereafter a 
very significant improvement in corrosion resistance was noted. 
Thus the concept of scarification followed by MMA impregnation seems 
valid. 
C. Shallow Impregnation of Uridried Concrete with MMA 
Because of the lack of experience with such impregnations, 
this treatment was applied in duplicate (specimens CR-1 and CR-13). 
With CR-1 resistance gradually increased and currents decreased with 
time to quite high and low values, respectively.  In view of the 
evidence for poor sealing with such a treatment, this result was 
unexpected. However, with CR-13, the experience was uniformly poor. 
It is concluded that it would be prudent to recommend drying prior 
to impregnation, at least until such time that evidence of a satis- 
factory treatment without drying can be consistently shown. 
D. Deep Impregnation with PMMA 
Specimen CR-4 exhibited a remarkable increase in AE/Ai after 
treatment; no current could be detected at any time thereafter. 
These results are certainly not surprising in view of the well- 
established ability of such impregnation to seal the pores in 
concrete quite well (see, for example, Ref. 12 and the references 
therein). Specimen CR-5 also gave generally promising results, even 
though the absolute values of AE/Ai were not as high as with CR-4; 
values of current were reduced from 23 to 1.5 yA.  (While the 
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impregnation was to only approximately 76 mm (3 in.) in the case of 
CR-5, the sealing of the conductive path should have been about 
equivalent.) 
When the impregnation was deliberately conducted to a 
lesser depth so that the top rebars were not encapsulted (specimen 
CR-12), results were less promising. After treatment, the current 
was reduced from 54 to 0.6 yA and AE/Ai was increased 10-fold; 
however, this benefit decreased with time until the current reached 
approximately 8 yA and the value of AE/Ai became little higher than 
that for the untreated specimen. 
As a result of these tests, it is prudent to recomment that 
impregnation without removal of the cover should encapsulate the 
top rebars. 
E.  Impregnation with Sulfur 
While the durability with respect to freeze-thaw cyclic was 
decreased significantly by sulfur impregnation, it was expected 
that the polarization resistance might be increased under the less 
stringent conditions used for the tests of corrosion resistance. 
Indeed specimen CR-8 showed a 27-fold improvement immediately after 
treatment.  However, the behavior then deteriorated seriously as 
time went on so that the polarization resistance became less than 
that of the untreated specimen. A similar deterioration was noted 
with specimen CR-6; at longer times, the value of Ai for specimens 
CR-6 and CR-8 ranged between 30 and 52 yA (cf.' the value of 33 to 
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/ 
47 yA for the untreated specimens.) Although the reason is 
unknown, it may be due to the reactivity between sulfur (which is 
just below oxygen in the periodic table) and iron. 
Interestingly, a retreatment of sulfur did result in a 
significant increase in polarization resistance in (specimen CR-7). 
Conceivably the second treatment resulted in a better sealing of 
the pores.  (Also, values of AE increased to well above 50 mV, as 
was the case with MMA treatment.) 
F.  Impregnation with Aqueous Calcium Nitrite 
With calcium nitrite, the average current was reduced 
significantly, i.e., by a factor from 1.6 to 3 for specimens CR-17 
and CR-9, respectively (Table 17). However, this reduction was not 
accompanied by a corresponding increase in E, so that values of 
AE/Ai were not increased (Tables 15 and 16, Fig. 16); in fact, 
AE/Ai tended to decrease after the treatment of CR-17.  (One might 
/    speculate that exceptionally high values of E after treatment are 
associated with a physical sealing of pores rather than a specific 
inhibitory effect.) The variable effects observed may well reflect 
variations in impregnation quality (nitrite being slow to penetrate). 
Nitrite has a less deleterious effect on durability than other 
inhibitors.(1) 
G.  Impregnation with Silane 
Results showed a remarkable increase in AE/Ai after treat- 
ment. It was interesting to see how making the pores hydrophobic 
affects corrosion resistance. Inspite of good corrosion resistance, 
^43- 
silane treatment led to severe problems with durability.  So the 
problem is to find a hydrophobic agent that will not affect 
strength and durability adversely. As shown in Tables 15 and 16, 
silane treatment did yield a significant improvement in corrosion 
resistance (specimens CR-10 and CR-14). Currents were drastically 
reduced, and values of AE/Ai very much increased.  (As with other 
treatments that did not physically seal the pores, values of AE 
were not significantly increased by treatment.) 
It is concluded that the concept of waterproofing the pores 
is valid, but that the durability is questionable, at least with the 
silane used here. 
H.  Impregnation with a Commercial Inhibitor 
Again, these experiments were performed to see if a readily 
available inhibitor could reduce rebar corrosion when impregnated. 
In this case, the inhibitor per se1 was not disclosed, though most 
such materials make use of a petroleum sulfonate, which displaces 
waster, adsorbs onto steel and presents a hydrophobic surface. On 
shallow impregnation after removal of the top cover (specimens CR-15 
and CR-18), dramatic reductions in current flow — at least 
300 fold — and increases in AE/Ai — at least 300-fold — were noted. 
Again, as with the other specific inhibitors, values of AE were not 
generally increased by the treatment. 
Attempts at deeper impregnation (specimens CR-16 and CR-19) 
gave less impressive results; it was observed that the depth of 
impregnation was variable in these cases. 
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It is concluded that the concept of impregnation with a 
corrosion inhibitor is probably valid, though in this case, the 
role of the carrier (a petroleum-based material) is not known. 
Although caution is indicated in view of the poor showing on 
durability, further research on how to achieve both durability and 
corrosion resistance would be warranted. 
I.  Effect of Removing the Top Cover 
Interestingly, a large effect of removing the top cover 
per se' was noted (specimens CR-2 and CR-3).  In fact, the bene- 
ficial effect was greater than that observed with some of the 
treated specimens. Currents were lowered greatly (in some cases 
being undetectable) and values of E/ i were significantly 
increased. 
Such effects may well be expected even though salt is still 
present around bar 1, the surface layer may be more porous than the 
deeper layers. However, it is paradoxical that all treatments do 
not yield the values seen for CR-2 and CR-3 as minima. 
In any case, it is concluded that removal of the top cover 
per se' is beneficial. Presumably replacement with a dense, 
impermeable overlay should not adversely affect the improvement 
noted. Also, whether or not prompt placement of an overlay would 
serve a similar purpose is not known. 
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Change in corrosion rate readings was investigated by dril- 
ling holes at various depths from the top surface of the slab and taking 
readings with the standard cell at the bottom of each hole.  It was 
found that beginning at a depth of 25 mm the corrosion resistance in- 
creased and the corresponding corrosion current readings showed reduced 
corrosion current.  Thus the removal of the low density concrete on the 
surface removed the mechanism of corrosion. The replacement of this 
low salt-contaminated concrete on the top surface of the slab with a 
dense low permeability concrete reduces the tendency for corrosion of 
the reinforcing bars.  This has been confirmed in the field by the 
reported success of high density overlays. 
J.  Comparisons Using Different Pairs of Bars 
It had been hoped that consistent patterns of values of 
electrical parameters might be found when various pairs of bars 
were tested.  As discussed earlier, no patterns were found in the 
data presented in Table 14 for specimen L-2.  Additional data were 
taken on pairs 1-2, 1-3, and 1-4 of impregnated specimens CR-4 
and CR-5 (see Table 17).  In contrast to the case of L-2, while 
the values of AE/Ai for all pairs indicated high polarization 
resistances, with CR-4 and CR-5, readings between bars 1 and 2 
were significantly higher than those between the other pairs. 
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9.  CONCLUSIONS AND RECOMMENDATIONS 
The following conclusions and recommendations are 
appropriate: 
1. Erratic results were obtained in preliminary studies 
with the FHWA "instant-off" method for ranking corrosion resistance 
in terms of corrosion potentials, at least with the specimens used 
in this study.  It is recommended that electronic switching be 
used to obtain more reliable results. 
2. Linear polarization techniques were successfully 
adapted to measure polarization resistance, which is an inverse 
measure of corrosion current.  The measurements were sensitive to 
changes in the specimen due to environmental variations and treat- 
ments to increase corrosion resistance; in the future, IR drop 
should be compensated for, as in other studies. 
3. The technical feasility of removing the salt-contaminated 
cover by simulated scarification, treatment by impregnation, :and 
overlaying with, for example, a latex-modified concrete was 
demonstrated. 
4. Using specimens in which corrosion had been induced in 
an exterior environment, wide variations were observed in the 
ability of various treatments to reduce corrosion rates, at least 
over a period of several months. Long-term studies over a period 
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of years would be desirable in order to determine long-term behavior 
of the more promising treatments. 
5. Impregnation of dried specimens by deep impregnation 
with MMA (followed by polymerization) yielded several orders of 
magnitude improvement in corrosion resistance. To ensure reliability 
with this approach, impregnation to a depth of 101 mm (4 in.) 
appears prudent. 
6. A lesser but still impressive improvement was found 
when the top cover was removed prior to drying and impregnating 
with MMA to a depth encompassing the rebars. However, variable 
results were noted when the concrete was not dried prior to 
impregnation. It is recommended that such prior drying be 
practiced unless further research can explain the inconsistent 
behavior and develop reliable techniques. 
7. Significant improvements of an order of magnitude or 
more in corrosion resistance were found for treatment of dried 
concrete with a commercial silane (which makes the pores hydro- 
phobic) and with a commercial water-displacing corrosion inhibitor. 
Slight improvements were noted on impregnation with dilute aqueous 
calcium nitrite as corrosion inhibitor; the relatively small effect 
may be due to the low concentrations. 
The concepts of making pores hydrophobic and of impregnating 
with inhibitors thus appear valid, However, in tests of durability 
treatment with the silane and the commercial inhibitor results in 
serious degradation on repetitive freezing and thawing.  It is 
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recommended that inhibitors be sought that do not adversely affect 
the durability of concrete.  Of course, these treatments might 
well be adequate if freezing and thawing is not experienced. 
8. Treatments with sulfur gave variable results.  In view 
of the poor behavior on repetitive freezing and thawing, and possible 
corrosive effects, the use of sulfur cannot be recommended at this . 
time. 
9. Removal of the salt-contaminated cover alone yielded 
a significant improvement in corrosion resistance in some, but not 
all specimens, perhaps because of environmental variations at the 
time of measurement. 
10. While the purpose of the study was not to study electro- 
chemical behavior per se, it was observed that the nature of the 
polarization response depended on the treatment.  Thus in treatments 
that involved the physical sealing of the pores, as with MMA and 
one example with sulfur, values of the response current were 
decreased, but values of the response potential tended to increase. 
In contrast, with treatments that involved other mechanisms, e.g., 
silane or corrosion inhibitors, values of current were decreased, 
but values of the potential tended to decrease. 
11. While it had been hoped to gain additional information 
about the electrochemical response of all 4 bars in the specimen, it 
was necessary to limit the studies primarily to examining bars 1 
and 2, the use of which gave the greatest sensitivity to treatments. 
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In retrospect, it would have been desirable to use simpler specimens 
to rank treatments in the laboratory under controlled conditions, 
and then to make an exterior study of 4-bar specimens that were 
representative of only a few treatments.  Thus, it is recommended 
that future screening of, for example, inhibitors be conducted using 
only 2 electrodes (plus reference) in specimens immersed in salt 
water (as in Ref. 4). 
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TABLE 1 MIX DESIGN FOR CYLINDRICAL MORTAR SPECIMENS L-l USED IN 
PRELIMINARY CORROSION TESTS 
Spec. 
No. Water 
1 
Cement 
2 
Sanda 
4.5 
Diameter  (mm) 
Original 
7.1 
Final    Difference 
20.6          13.5 
% Flow 
L-l-1 200 
L-l-2 1 2 5.0 10.2 18.8            8.6 100 
L-l-3 1 2 4.8 10.2 23.4          13.2 130 
All proportions by weight 
Cement, Type I; Sand, River Sand 
TABLE 2 MIX DESIGN FOR CONCRETE BLOCK (1-2) USED IN PRELIMINARY 
CORROSION TESTS 
Component Amount 
Relative 
Amount 
Water 180.1 kg  (11.3 lb/ft.3) 1.00 
Cement 363.7 kg (22.7 lb/ft.3) 2.01 
Coarse Aggregate 844.0 kg (52.6 lb/ft.3) 4.65 
Sand 801.6 kg  (50.0 lb/ft.3) 4.40 
Air-entraining Agent 1.1 L (30 ml) 
a 3 Based on 1 m of concrete 
Conversions: 1 ft.3 = 0.028 m3;  1 lb.  - 0.45 kg;  1 ml = 0.34 oz. 
Coarse aggregate used was New York State trap rock 
TDarex;  the amount used yielded an air content of 6% 
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TABLE 3a CONCRETE MIX DESIGNS FOR CR-SERIES 
Component 
Cement 344.1 kg (21.5 lb/ft.3) 
Water 171.4 kg (10.7 lb/ft.3) 
F.A. 672.8 kg (42.0 lb/ft.3) 
C.A. 1142.1 kg (71.3 lb/ft.3) 
AEA 0.2 kg (0.2 oz) 
TOTAL 2330.3 kg 
W/C 0.50 
TABLE 3b MIX DESIGN FOR LMC OVERLAYS ON CORROSION TEST 
SPECIMENS (SERIES CR) 
Component Proportion 
Water 
Latex 
Cement 
Sand 
92.9 kg (5.8 lb/ft. ) 
121.7 kg (7.6 lb/ft.3) 
390.9 kg (24.4 lb/ft.3) 
1092.5 kg (68.2 lb/ft.3) 
Coarse Aggregate 663.2 kg (41.4 lb/ft. ) 
a 3 Based on 1 m of concrete 
Dow latex SM-100 
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TABLE 4 IMPREGNATION TIMES AND DEPTHS - CR SERIES 
Specimen Impregnant Type Time (hr.) Depth (mm) 
L-2 MMA 36 100 
L-l MMA deep — — 
CR-4 MMA deep 36 100 
CR-5 MMA deep 24 100 
CR-12 MMA medium 16 75 
CR-11 MMA shallow 12 50 
CR-1 MMA shallow 48 50 
(undried) 
CR-13 MMA shallow 48 50 
(undried) • 
CR-9 Nitrite shallow 36 50 
CR-17 Nitrite shallow 36 50 
CR-16 WD-40 deep 240 75 
CR-19 WD-40 medium 240 75 
CR-15 WD-40 shallow 48 50 
CR-18 WD-40 shallow 48 50 
CR-10 Silane shallow 72 50 
CR-14 Silane shallow 72 50 
CR-6 Sulfur shallow 36 50 
CR-7 Sulfur shallow 36 50 
CR-8 Sulfur shallow 36 50 
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TABLE 4    IMPREGNATION TIMES AND DEPTHS - CR SERIES 
(continued) 
Impregnation 
1
        g 
Specimen     Impregnant     Type   Time (hr.)   Depth (mm) 
CR-20 Control 
CR-21 Control 
CR-22 Overlay only 
CR-23 Overlay only 
Estimated by external observation (in the cases of MMA, 
Sulfur, WD-40, and silane). With calcium nitrite, 
estimation was based on experiments described in 
Appendix A; confirmation to be obtained when 
corrosion specimens are broken open. 
b
"Deep" and "medium" impregnation without removal of 
the top layer; "shallow" refers to impregnation 
following such removal. 
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TABLE 5 VARIATIONS IN CURRENT AND INSTANT-OFF VOLTAGE BETWEEN BARS 
IN CONCRETE BLOCK L-2 
Time (hr.) Temp. (°F) 
Circuit3 1-2 
i (mA)  V (mV) 
Circuit3 1-3 
i (mA)  V (mV) 
0 27.2 0.2 19.8 0.1 19.9 
6.5 28.3 0.1 11.6 0.0 6.7- 
24 28.3 0.4 34.9 1.0 109.6 
CHANGE IN LOCATION OF BLOCK 
0 27.2 0.1 22.3 0.5 104.3 
18 28.3 0.4 75.9 0.7 125.3 
22 28.3 0.6 107.7 0.7 133.2 
44 28.9 0.6 108.1 0.7 136.1 
SECOND CHANGE IN LOCATION 
0 27.7 0.5 86.9 0.4 103.7 
49 27.0 0.5 104.1 0.5 119.1 
98 27.2 0.5 106.1 0.5 125.1 
166 27.2 0.3 83.2 0.4 112.1 
190 27.2 0.5 76.5 0.5 132.6 
THIRD CHANGE IN LOCATION 
0 27.2 0.3 85.0 0.4 112.2 
46 26.1 0.3 95.9 0.4 114.3 
123 26.1 0.3 109.2 0.4- 145.1 
169.5 25.6 0.3 129.7 0.4 129.1 
236 25.0 0.1 44.4 0.3 92.4 
Instant-off voltage read after 2 seconds; when the current and 
voltage were determined for circuit 1-2, the switch in circuit 1-2 
was open and vice versa; currents uncorrected for 'temperature. 
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I 
I 
TABLE 6 VARIATIONS IN CURRENT3 AND INSTANT-OFF VOLTAGEb BETWEEN BARS IN CONCRETE 
BLOCK ; L-2 DUE TO INTERACTION OF CIRCUITS 
Circuit (1-2) Cir cult (1-2) Circuit (1-3) Circuit (1-3) 
Temp. 
(° F) 
27.8 
(1-3 
i (mA) 
off) 
V (mV) i (mA) 
(1-3 on) 
V (mV) 
(1-2 
I (mA) 
off) 
V (mV) 
(1-2 on) 
Time 
(hr.) 
i (mA) V (mV) 
0 0.5 11.9 0.0 67.4 0.5 101.2 0.8 101.2 
24 27.2 0.3 40.0 0.6 — 0.4 72.4 0.6 74.1 
54 27.2 0.5 20.1 0.5 62.4 0.4 71.3 0.5 75.1 
a Uncorrected for temperature 
Read 2 seconds after breaking the circuit 
TABLE 7 TYPICAL RESISTANCE AND VOLTAGE READINGS3 BETWEEN BARS 
IN THE CR-SERIES CONCRETE BLOCKS (NO TREATMENT) 
Resistance (ohms) Potential (volts) 
Block No. 1-2 1-3 1-4 1-2 1-3 1-4 
CR-1 641 789 705 0.159 0.195 0.155 
CR-2 781 793 887 0.242 0.217 0.216 
CR-3 227 367 359 0.187 0.169 0.179 
CR-4 278 369 397 0.206 0.184 0.181 
CR-5 318 371 297 0.174 0.183 0.169 
CR-6 257 451 436 0.163 0.160 0.146 
CR-7 286 520 495 0.191 0.178 0.198 
CR-8 267 298 328 0.178 0.172 0.171 
CR-9 140 381 279 0.239 0.223 0.231 
CR-10 255 291 256 0.201 0.199 0.219 
CR-11 331 326 405 0.182 0.182 0.197 
CR-12 292 332 327 0.219 0.223 0.211 
CR-13 550 290 327 0.186 0.198 0.181 
CR-14 242 305 409 0.239 0.245 0.234 
CR-15 250 325 365 0.178 0.185 0.178 
CR-16 346 435 455 0.203 0.206 0.213 
CR-17 322 405 311 0.193 0.174 0.179 
CR-18 711 690 750 0.215 0.213 0.217 
CR-19 910 790 730 0.203 0.203 0.191 
CR-20 726 747 743 0.228 0.222 0.225 
CR-21 720 703 788 0.135 0.135 0.150 
headings after 10 seconds; T = 17° C (62° F) 
TABLE 8 TYPICAL VOLTAGE READINGS BETWEEN BARS IN BLOCK CR-21 
EXPOSED TO THE ENVIRONMENT 
Temp. (°C) 2 Voltage from Bar 1 
Time 
(hr) 
Thermo- 
couple Air 
To Bar 
2 
To Bar 
4 
To Bar 
3 
+.1980 
Block 
Condition 
0 .- +.1973 +.1923 Dry; Shaded 
1 ■ — - +.2000 +.1924 +.2014 Dry; Shaded 
2 9.4 (49°F) - +.1966 +.1918 +.2014 Dry; Sun 
3 12.2 (54°F) - +.1997 +.1920 +.2015 Dry; Sun 
4 12.2 (54°F) - +.1995 +.1930 +.2030 Dry; Shaded 
31 8.3 (47°F) - - +.1960 +.1883 +.1989 Dry; Shaded 
31.5 8.3 (47°F) - - +.1963 +.1883 +.1989 Dry; Shaded 
32 8.3 (47°F) - +.1959 +.1879 +.1984 Dry; Shaded 
32.5 8.3 (47°F) 8.9 (48°F) +.1958 +.1877 +.1983 Dry; Shaded 
33 8.3 (47°F) 8.9 (48°F) +.1965 +.1885 +.1986 Dry; Shaded 
33.5 8.3 (47°F) 8.9 (48°F) +.1965 +.1885 +.1985 Dry; Shaded 
34.5 8.9 (48°F) 10.6 (51°F) +.1966 +.1880 +.1988 Dry; Shaded 
36.5 8.3 (47°F) 12.2 (54°F) +.1964 +.1896 +.1990 Dry; Sun 
37.5 16.1 (61°F) 14.4 (58°F) +.1958 +.1887 +.1981 Dry; Sun 
38 20.6 (69°F) 16.1 (61°F) +.1989 +.1922 +.2018 Dry; Sun 
55 — 8.3 (47°F) +.1787 +.1867 +.1715 Semi-Dry 
55.5 — 8.3 (47°F) +.1785 +.1868 +.1686 Semi-Dry 
56.5 — 8.9 (48°F) +.1785 +.1856 +.1669 Semi-Dry 
56.5 — 8.9 (48°F) +.1814 +.1880 +.1660 Semi-Dry 
57 — 8.3 (47°F) +.1816 +.1866 +.1653 Semi-Dry 
59 — 8.3 (47°F) +.1837 +.1872 +.1708 Wet 
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TABLE 8 TYPICAL VOLTAGE READINGS BETWEEN BARS IN BLOCK CR-21 
EXPOSED TO THE ENVIRONMENT (continued) 
Temp (°C) Voltag 2 e from Bar 1 
Time 
(hr) 
Thermo- 
couple        .Air 
To Bar 
2 
To Bar 
4 
To Bar 
3 
+.1661 
Block 
Condition 
59.5 8.3 (47°F) +.1838 +.1874 Wet 
79.5 14.4 (58°F) +.1689 +.1827 +.1617 Wet 
80 8.9 (48°F) +.1707 +.1842 +.1612 Wet 
80.5 10.0 (50°F) +.1370 +.1808 +.1550 Wet 
After 10 seconds 
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TABLE 9 LINEAR POLARIZATION AND INSTANT-OFF TESTS OF BLOCK 
Corrected to 21.1° C (70° F); applied voltage 
+ 100 mV; readings taken 1 hour after 
polarization 
Between bars 1 and 2; read 10 seconds after 
opening the switch 
SPECIMEN CR-4 AS A FUNCTION OF TIME OF EXTERIOR 
EXPOSURE 
Linear Polarization Instant-Off 
Time Condition Temp Aia AE/Ai Current Voltage 
v
b (days) °C 
36.2 1276 
yA 
+ 100 0 Semi-Dry 13.9 (57°F) - 0.029 
1 Semi-Dry 15.0 (59°F) 35.0 1846 + 100 - 0.027 
2 Semi-Dry 15.6 (60°F) 33.2 1915 + 110 - 0.029 
5 Semi-Dry 15.0 (59°F) 29.5 2112 + 130 - 0.029 
6 Wet 15.6 (60°F) 29.5 2170 + 110 - 0.029 
7 Wet 14.4 (58°F) 29.0 1782 + no - 0.028 
8 Semi-Dry 16.7 (62°F) 31.0 1677 + 110 - 0.027 
11.5 Semi-Dry 17.2 (63°F) 33.0 1242 +■ 110 - 0.026 
12 Dry 17.8 (64°F) 39.9 1514 + 100 - 0.027 
14 Dry 17.2 (63°F) 31.9 2031 + 110 - 0.027 
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TABLE 10 INSTANT-OFF TESTS ON BLOCK SPECIMEN L-2 AS A FUNCTION 
OF ENVIRONMENTAL CONDITIONS3 
Time 
(days) 
Condition Temp °C 
i 
37 
E  mVC 
0 Half-Dry 23.9 (75°F) 23.1 
1 Wet 24.4 (76°F) 18 19.9 
2 Wet 22.2 (72°F) 10 22.8 
5 Half-Wet 18.9 (66°F) 43 19.0 
6 Half-Wet 18.9 (66°F) 32 18.4 
7 Half-Dry 20.6 (69°F) 51 18.4 
wetness of specimen varied by covering 
or uncovering with a wet cloth 
Readings to nearest 10 A; corrected to 21.1 (70 F) 
Bars 1 and 2 
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TABLE 11  EFFECT OF POSITION OF STANDARD CELL AND ENVIRONMENT ON LINEAR 
I 
N3 
I 
Block 
Condition 
Half-Dry 
POLARIZATION MEASUREMENTS (CONCRETE SPECIMEN L-2) 
Ai, mAn 
AE/Ai, 
Ic 
Trial 
Exp 
Impressed   Polarization 
Voltage, mV  Current 1, uA 
+20         - 26.6 
El 
i 
and E, , 
0.2469 
V AE|, V 
ohms 
IIC 
1 
- 20 - 50.9 - 0.2523 0.0054 22.0 250 280 
2 Wet + 20 - 38.0 0.2559 
- 20 - 15.6 0.2665 0.0106 19.8 540 444 
3 Wet + 20 - 38.5 0.2475 
- 20 - 14.3 0.2575 0.01 22.7 440 520 
4 Half-Wet + 20 - 39.1 0.2568 
- 20 - 12.9 0.2653 0.0085 28.0 300 240 
5 Half-Wet + 20 - 29.9 0.2648 
- 20 - 8.9 0.2557 0.0091 22.6 400 480 
6 Half-Dry + 20 - 38.2 0.2810 
- 20 - 12.6 0.2728 0.0082 26.5 310 220 
All measurements taken between bars 1 and 2, 10 seconds after polarization; tests run 3 days 
after bars 1 and 2 connected to develop corrosion current 
Corrected to 21.1° C (70°F) 
I and II refer to placement of the standard cell in an unsalted and salted area, respectively 
TABLE 12 EFFECT OF TIME ON STABILIZATION OF LINEAR POLARIZATION 
MEASUREMENTS3 (SPECIMEN CR-21) 
Time 
(min.) 
i,  ViA i\ yA E,  mV E',  mV AE/Ai,  ohms 
5 25.4 - 9.4 127.5 138.7 230 
10 24.8 - 3.7 123.1 137.7 370 
20 23.4 - 0.4 111.0 138.7 830 
30 22.5 1.0 104.4 141.0 1200 
40 22.3 1.4 100.1 140.8 1400 
50 22.1 1.5 98.0 141.0 1500 
55 22.1 1.7 97.3 142.0 1600 
60 22.0 1.8 95.6 142.0 1700 
Impressed voltage, + 100 mV 
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TABLE 13 EFFECT OF IMPRESSED POLARIZATION VOLTAGE ON 
POLARIZATION CURRENT (USING SPECIMEN CR SERIES)'" 
Applied Voltage AE AE/Ai 
mV mV ohms 
30 + 0.0146 1640 
40 + 0.0178 1470 
50 + 0.0189 1011 
60 + 0.0233 1200 
70 + 0.0201 660 
80 + 0.0303 940 
90 + 0.0344 1000 
100 + 0.0471 1270C 
110 + 0.0393 980 
120 + 0.0448 1150 
130 + 0.0464 920 
140 + 0.0531 1200 
150 + 0.0525 960 
160 + 0.0592 1120 
170 + 0.607 1010 
All tests on CR-14, except for the first, which was on CR-4 
An average (+ 410 mV) taken from data in Table 9 
"An average of 3 readings (+ 130 mV) 
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TABLE 14 EFFECT OF POLYMER IMPREGNATION ON LINEAR POLARIZATION 
RESPONSE3 OF CONCRETE BLOCK L-2 
Test  Time  AE/Ai (1-2)  AE/Ai (1-3)  AE/Ai (1-4)  AE/Ai (3-4) 
(hr.)    (ohms)       (ohms)       (ohms)       (ohms) 
la 0 110,000 150,000 160,000 (260)c . 
(+ 50,000) (+ 25,000) (+16,000) 
2b 98 50,000 52,000 71,000 111,000 
(+ 4,000) (+ 3,000) (+ 3,000) (+ 1,000) 
Tests at 22.2 - 23.3 C (72 - 74 F); data uncorrected to 
21.1°C (70°F).  Sample kept moist by covering with 
a wet cloth. Polarizing voltage, + 100 mV 
Five and t hree values of E and i averaged in tests 
1 and 2, respectively 
Spurious value; no reason known 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF SERIES 
CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
Specimen CR-6 Specimen CR-19 
Time 
Days 
AE/Ai (1-2) 
-3 
ohms xiO 
Time 
Days 
18 
AE/Ai (1-2) 
ohms * 10~3 
11 1.3 0.63 
38 Simulated Scarifi- 
cation 
92 1.6 
62 1.6 93 1.1 
102 Treated with Sulfur 96 Treated with WD-40 
(deep) 
110 1.5 98 5 
122 0.76 102 4 
123 0.84 125 - 2.5 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF SERIES 
CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
(continued) 
SPECIMEN CR-7 SPECIMEN CR-16 
Time 
Days 
AE/Ai (1-2) 
_3 
ohms x 10 
Time 
Days 
12 
AE/Ai (1-2) 
-3 
ohms x 10 
6 2.0 0.59 
38 Simulated Scarifi- 28 0.75 
cation 
46 1.2 112 Treated with WD-40 (deep) 
47 1.2 128 19 
53 1.1 132 8 
58 Treated with Sulfur 134 17 
63 1.6 
64 2.1 
102 5.0 
104 6.0 
110 8.0 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF 
SERIES CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
(continued) 
SPECIMEN CR-15 SPECIMEN CR-5 
Time 
Days 
AE/Ai (1-2) 
ohms }< :10"3 
Time 
Days 
24 
AE/Ai (1-2) 
-3 
ohms x 10 
12 0.85 0.1 
38 Simulated Scarifi- 26 1.4 
cation 
84 0.77 29 1.2 
87 0.66 32 2.1 
94 Treated with WD-40 36 Treated with MMA (deep) 
96 470 47 340 
97 900b 80 40 
102 480 119 27 
109 64 
116 73 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF 
SERIES CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
(continued) 
SPECIMEN CR-4 SPECIMEN CR-1 
Time 
Days 
AE/Ai (1-2), 
1
      ohm x 10 ■ 
Time 
Days 
1 
AE/Ai (l-2)_3 
ohms x 10 
2 2.4 1.1 
6 1.9 38 Simulated Scarification 
9 1.9 112 MMA Treatment; shallow 
no prior drying 
11 2.5 117 0.5 
12 2.4 118 2.1 
20 Treated with MMA 120 76 
(deep) 123 > 290b 
46 > 3200b 
60 > 1200b 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF SERIES 
CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
(continued) 
SPECIMEN CR-12 SPECIMEN CR-10 
Time 
Days 
AE/Ai (1- 
ohms x 10" 
1.0 
■2) ■ 
-3 Days 
8 
AE/Ai (1-2) 
ohms x 10 
•1:2 1.2 
32 1.7 38 Simulated Scarification 
53 1.4 41 1.1 
54 1.5 46 Treated with Silane 
68 Treated with MMA; 47 63 
medium 
82 17 53 10 
102 5.3 59 17 
122 2.9 
124 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF 
SERIES CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
SPECIMEN CR-20 SPECIMEN CR-2 
Time 
Days 
AE/Ai (1-2)' 
_3 
ohms x 10 
Time 
Days 
AE/Ai 
ohms 
(1-2) 
x 10'3 
3 1.9 4 1.3 
145 1.3 38 Simulated Scarification 
147 1.4 39 200 
150 2.3 40 25 
180 2.5 55 
60 
>  64b 
16 
After hooking up bars 1 and 2 while specimen was exposed 
to the external environment, except for CR-4 and CR-5 
No current detected; value given is based on assuming 
Ai = 0.1 yA, and is probably underestimated 
Rebars not encapsulated 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF 
SERIES CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
(continued) 
SPECIMEN CR-9 
Time 
Days 
AE/Ai (1-2) 
_3 
ohms * 10 
38 Simulated Scarifi- 
cation 
42 1.3 
47 1.1 
50 Treated with Calcium 
Nitrite 
52 1.6 
60 2.1 
62 2.0 
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TABLE 15 EFFECT OF TREATMENT ON POLARIZATION RESISTANCE OF 
SERIES CR BLOCK AS A FUNCTION OF SUBSEQUENT EXPOSURE 
LEGEND 
After hooking up bars 1 and 2 shile specimen was 
exposed to the external environment 
No current detected; value given is based on 
assuming i = 0.1 A and is probably 
underestimated 
After treatment and placement outside 
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TABLE 16 AVERAGE EFFECTS OF TREATMENTS ON POLARIZATION 
RESISTANCE OF SERIES CR SPECIMENS 
Treatment Specimen Before Treatment After Treatment 
AE/Ai         AE/Ai 
(ohms )        (ohms) 
AE/Aic 
ratio 
MMA CR-ll(S)d 1.4          840 700 ( :670) 
CR-13(S,W) 0.88         0.6 0.67 (1.8) 
CR-1(S,W) 1.1          8.4 8.0 (24) 
CR-12(M) 1.0          0.57 0.57 1.6 
CR-4(D) 1.1          350 310 (620) 
CR-5(D) 1.5          200 130 7.5 
Silane CR-19(S) 1.1          20 18 (170) 
CR-14(S) 1.3          190 150 16 
WD-40 CR-15(S) 0.78         250 320 (270) 
CR-18(S) 1.2          350a 290 (250) 
CR-19 1.5         4.9 3.3 3.4 
CR-16 0.7         1.9 2.7 (19) 
Sulfur CR-7 1.4         1.8 
12b 
1.3 
8.6 (2.0) 
CR-6 1.5          1.0 0.67 (0.6) 
CR-8 1.2          1.5 1.3 (0.6) 
Nitrite CR-9 1.4         1.9 1.3b (1.0) 
CR-17 1.0         1.5 1.5 (2.0) 
Scarif. 
Control 
CR-2 
CR-3 
1.1         43 
1.1         35 
39 
32 
(28) 
(1.5) 
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TABLE 16 AVERAGE EFFECTS OF TREATMENTS ON POLARIZATION 
RESISTANCE OF SERIES CR SPECIMENS 
Legend 
aAssuming Ai < 0.1 yA 
After re-treatment 
The first number based on averaging all values of Ai and AE 
before and after treatment; the number in parentheses 
based on an average of the three highest values of 
AE/Ai before, and the three lowest values after 
treatment 
S = Shallow; M - Medium, D = Deep 100 mm (4 in.); 
W = Undried before treatment 
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TABLE 17 POLARIZATION RESISTANCE OF VARIOUS PAIRS OF BARS 
(SPECIMENS CR-4 AND CR-5, AFTER IMPREGNATION) 
Time   AE/Ai (1-2) AE/Ai (1-3)  AE/Ai (1-4) 
a -3 -3 —3 Specimen  (Days)  ohms x 10   ohms x 10     ohms x 10 
CR-5      110        26       8.2 5.0 
CR-4      120     > 1300b    > 15b        > 15b 
> 112b      8.7 
After treatment 
No current measured; a value of 0.1 yA assumed for 
the purpose of comparison 
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TABLE 18    TYPICAL POLARIZATION DATA FOR A GOOD AND A POOR 
TREATMENT 
CR-11 
CR-6 
Treatment 
Time 
(days) 
AE 
mV 
Ai 
UA 
AE/Ai _3 
ohms x 10 
MMA 0 80 38 2.1 
(shallow) 
38 _a _a _a 
52 41 36 1.1 
55 43 32 1.3 
56 45 38 1.2 
68 _b _b _b 
80 89 0.4 (2.5)c 
81 113 0 > 1100 
82 104 0.2 690 
83 108 0.1 1100 
99 89 0 > 900 
Sulfur 4 66 49 1.3 
(shallow) 
38 _a _a _a 
62 50 30 1.7 
106 _b _b _b 
110 65 47 1.5 
122 40 45 0.8 
123 43 45 0.8 
Cover removed 
'Treated 
"Tested after a very heavy rain 
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Salt-contaminated concrete 
/m3    of NaCl 
torn 
229 mm 
,?*'j 63.5 mm 
(Bars project 102 mm at each end) 
Fig.  1    Design of Specimens for Testing Corrosion 
Rate 
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Fig. 7  Setup for Corrosion Tests 
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(a) (b) 
r&i Circuit 1-2 
Circuit 1-3 
—(v)—'  (1-ohm resistors) 
Fig. 8 Circuits for (a) Linear Polarization 
and (b) Direct "instant-off" Tests 
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as a Function of Subsequent Exposure 
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